The molecules that mediate death of selective neurons in Alzheimer's disease (AD) are mostly unknown. The Forkhead transcription factor FoxO3a has emerged as an important mediator of cell fate including apoptosis. When phosphorylated by Akt, it is localized in the cytosol as an inactive complex bound with 14-3-3 protein. For activation and localization of FoxO3a in the nucleus, further modifications are required, such as phosphorylation by mammalian sterile 20-like kinase 1 (MST1) and arginine methylation by protein arginine methyltransferase1. We report here that Akt-mediated phosphorylation of FoxO3a is diminished in neurons exposed to oligomeric b-amyloid (Ab), in vitro and in vivo. We also find that oligomeric Ab activates FoxO3a by MST1 phosphorylation and arginine methylation in primary cultures of hippocampal and cortical neurons. Moreover, FoxO3a translocates from the cytosol to nucleus in cultured neurons in response to Ab. Most importantly, the nuclear redistribution of FoxO3a is significantly increased in Ab-overexpressing AbPPswe-PS1dE9 mice and Ab-infused rat brains. We further find that FoxO3a is essential for loss of neurons and neural networks in response to Ab. Recent reports implicate Bim, a pro-apoptotic member of Bcl-2 family, in neuron death in AD, as a key target of this transcription factor. We show that Bim is a direct target of FoxO3a in Ab-treated neurons. Our findings thus indicate that FoxO3a is activated, translocated to the nucleus and mediates neuron death via Bim in response to Ab toxicity.
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The molecules that mediate death of selective neurons in Alzheimer's disease (AD) are mostly unknown. The Forkhead transcription factor FoxO3a has emerged as an important mediator of cell fate including apoptosis. When phosphorylated by Akt, it is localized in the cytosol as an inactive complex bound with 14-3-3 protein. For activation and localization of FoxO3a in the nucleus, further modifications are required, such as phosphorylation by mammalian sterile 20-like kinase 1 (MST1) and arginine methylation by protein arginine methyltransferase1. We report here that Akt-mediated phosphorylation of FoxO3a is diminished in neurons exposed to oligomeric b-amyloid (Ab), in vitro and in vivo. We also find that oligomeric Ab activates FoxO3a by MST1 phosphorylation and arginine methylation in primary cultures of hippocampal and cortical neurons. Moreover, FoxO3a translocates from the cytosol to nucleus in cultured neurons in response to Ab. Most importantly, the nuclear redistribution of FoxO3a is significantly increased in Ab-overexpressing AbPPswe-PS1dE9 mice and Ab-infused rat brains. We further find that FoxO3a is essential for loss of neurons and neural networks in response to Ab. Recent reports implicate Bim, a pro-apoptotic member of Bcl-2 family, in neuron death in AD, as a key target of this transcription factor. We show that Bim is a direct target of FoxO3a in Ab-treated neurons. Our findings thus indicate that FoxO3a is activated, translocated to the nucleus and mediates neuron death via Bim in response to Ab toxicity. Alzheimer's disease (AD) is the most common progressive neurodegenerative disease characterized by synapse and neuron loss, formation of neurofibrillary tangles and senile plaques in selective areas of the brain.
1,2 A central hypothesis in AD pathogenesis is that the accumulation and oligomerization of b-amyloid (Ab) peptide due to altered proteolytic processing of amyloid precursor protein and/or clearance of this peptide is an early and critical event leading to widespread synaptic dysfunction and selective neuronal loss. 3 In addition to genetic evidence that Ab accumulation triggers neurodegeneration in vivo, in vitro studies reveal that oligomeric Ab robustly induces neuronal apoptosis. [3] [4] [5] [6] Transcriptional activation of death-associated genes is required for apoptosis. 7 However, the identity of transcription factors and the mechanisms by which these factors induce neuronal apoptosis in AD are incompletely understood.
FoxO3a, a Forkead transcription factor of Forkhead box, class 'O' (FoxO) subfamily, has been implicated in a variety of death paradigms, including neuronal apoptosis. 8 In mammals, four subclasses of FoxO have been identified. These are FoxO1/FKHR, 9 FoxO3a/FKHRL-1, 10, 11 FoxO4/ AFX [12] [13] [14] and FoxO6. 15 The transcriptional activity of FoxO3a is modulated by its various post-translational modifications. 16, 17 Among them, phosphorylation is the most important one. Phosphorylation of FoxO3a at different sites by different kinases may have completely different consequences. If it is phosphorylated in response to growth factor or insulin stimulation by survival kinases such as Akt, it is excluded out from the nucleus, 18, 19 and degraded through ubiquitination by the E3 ubiquitin ligase Skp2. 20 On the other hand, FoxO3a is activated through phosphorylation by several stress kinases. For example, if it is phosphorylated at Ser207 by mammalian sterile 20-like kinase 1 (MST1) in response to oxidative stress, it accumulates in the nucleus and causes cell death. 21, 22 FoxO proteins are also activated by methylation. Recently, Yamagata et al. 23 have shown that methylation of FoxO1 at Arg248 and Arg250 of mouse by protein arginine methyltransferase1 (PRMT1) in response to oxidative stress results in enhanced nuclear localization of this protein. This methylation actually abrogates Akt-induced phosphorylation of FoxO1 at Ser253 and thereby inhibits its nuclear exclusion and subsequent proteosomal degradation. Activated FoxO3a can upregulate multiple genes depending on the apoptotic stimuli. Among them, Bim is of particular interest, as it is already implicated in AD. 4, 24 Bim is one of the BH3-only members of Bcl-2 family whose proapoptotic function is critical for a number of neuron death paradigms.
Bim. 8, 26 Bim gene has two consensus sequences for FoxO protein binding, and it has been shown that FoxO3a specifically binds with bim in response to NGF deprivation. 8 It is conceived by researchers that there is no simple solution for a complex disease like AD, and a combinatorial treatment may provide effective measures for this disease. Because of the definitive role of impaired Ab metabolism, a number of drugs targeted at Ab metabolism are in clinical trials to reduce the Ab load. However, most of them are discontinued due to lack of effect or toxicity. Even if a drug lowers the Ab load, a complementary therapy is required to make the brain more resistant to Ab, which cannot be removed effectively and safely.
1 Therefore, deeper understanding of the mechanism of Ab-induced death is essential. In this study, we investigated whether FoxO3a has any role in Ab-induced neuron death and our findings suggest that FoxO3a is activated by multiple post-translational modifications, translocates to the nucleus, binds with Bim and induces neuron death in response to Ab toxicity.
Results
Activation of FoxO3a by multiple post-translational modifications in response to Ab . As PI3K/Akt signalling is reported to be markedly inhibited in AD, 27 we investigated whether phosphorylation at the Akt site of FoxO3a is reduced in a cellular model of AD. For this, we used a primary culture of rat cortical neurons and treated them with oligomeric Ab or Ab 42-1 . The Ab 1-42 induced significant neuron death after 24 h at 1.25 mM concentration. In contrast, the reverse peptide Ab 42-1 had no effect on neuronal survival even at 4 mM concentration (Supplementary Figure S1) . A time course study revealed that phosphorylation of FoxO3a at Thr32, which is one of the sites phosphorylated by Akt, is reduced at 4 h and greatly diminished after 16 h of Ab 1-42 exposure (Figure 1a and b) . To determine whether this decline in the phospho-FoxO3a level was due to the decline in the total level of FoxO3a, we checked the total FoxO3a level, and found no significant reduction in the total FoxO3a level even after 16 h of Ab 1-42 treatment (Figures 1a and b) . The ratio of FoxO3a/pFoxO3a(Thr32) increased significantly with time following Ab 1-42 exposure (Figure 1c) . However, Ab 42-1 did not alter the ratio of FoxO3a/pFoxO3a (Supplementary Figure S2) , indicating an Ab 1-42 -specific increase in the level of active form of FoxO3a.
Next, we examined whether FoxO3a is phosphorylated by MST1 as well in response to Ab . Primary cultures of rat cortical neurons were treated with Ab 1-42 and phosphorylation of FoxO3a at ser207 was checked by a phospho-Ser207-specific antibody. A time course study revealed that phosphorylation of FoxO3a at Ser207 is significantly increased within 4 h and is peaked at 8 h of Ab 1-42 exposure (Figures 2a and b) . The ratio of pFoxO3a(Ser207)/FoxO3a increased with time after Ab 1-42 treatment (Figure 2c ). An immunocytochemical study also showed that phosphorylated FoxO3a at Ser207 is localized in the nucleus of majority of cells after 8 h of Ab 1-42 treatment (Figure 2d) .
The arginine residues of FoxO1 that are methylated by PRMT1 are conserved in FoxO3a. We tested whether arginine methylation of FoxO3a occurs in neurons exposed to Ab . Primary cultures of rat cortical neurons were treated with Ab 1-42 for 8 h, then cells were lysed and immunoprecipitated with FoxO3a antibody and western blotted with dimethyl arginine antibody. Results showed increased arginine methylation of FoxO3a in neurons treated with Ab 1-42 compared with control (Figures 2e and f) . The results were confirmed by immunoprecipitation followed by western blot in the opposite direction, that is, immunoprecipitation with dimethyl arginine antibody and western blotting with FoxO3a (Supplementary Figure S3) . Moreover, a chemical inhibitor of PRMT1 significantly protected cortical neurons from Ab 1-42 -induced death (Figure 2g ). Taken together, these findings suggest that FoxO3a is activated in neurons in response to Ab treatment by multiple mechanisms that may collectively lead to its nuclear localization.
Activation of FoxO3a in vivo in response to Ab infusion. We have also examined the activation of FoxO3a in response to Ab in vivo. Adult rats were infused with oligomeric Ab in the brain, as described by Frautschy et al. 28 They have shown that injection of Ab into rat cortex and hippocampus resulted in neuronal loss and Ab deposition in the vicinity of injection sites. FoxO3a translocates from cytosol to nucleus in neurons in response to Ab . Next, we checked activationassociated nuclear translocation of FoxO3a by determining its subcellular localization in neurons exposed to Ab . Western blotting analysis of cytosolic and nuclear fractions revealed a progressive reduction of total FoxO3a in the cytosol with a corresponding increase in the nucleus following Ab 1-42 exposure, and almost complete translocation in the nucleus after 16 h of Ab treatment (Figures 4a and b) . The cross-contamination of nuclear and cytosolic fractions was checked by using actin and methyl histone antibody, which are cytosolic and nuclear markers, respectively ( Figure 4a and Supplementary Figure S5) . These results corroborate well with the timing of dephosphorylation of the protein at Akt site, phosphorylation at Ser207 by MST1 and upregulation of its target gene, Bim.
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To further confirm this Ab-induced nuclear translocation of FoxO3a, we performed immunostaining of cytoplasmic and nuclear FoxO3a in neuronally differentiated PC12 cells and in cultures of rat hippocampal neurons following overnight Nuclear distribution of FoxO3a in neurons enhanced in AbPPswe-PS1dE9 mice. As we used a synthetic Ab in our study, which could have different effects than naturally secreted Ab, we examined the nuclear redistribution of FoxO3a in Ab-overexpressing AbPPswe-PS1dE9 mice. 29 Examination of sections from adult transgenic or wild-type littermates confirmed the formation of Ab plaques in transgenic mice (Figure 5a ). Immunohistochemical studies also revealed that FoxO3a was present in the nucleus of most of the cortical neurons in transgenic animals, but not in the control littermates (Figures 5b and c) . Moreover, quantification of FoxO3a by using NIH-imageJ revealed that the nuclear to cytosolic ratio of FoxO3a fluorescence intensity was significantly high in transgenic animals compared with the control animals ( Figure 5d ). These results corroborated our experiments with synthetic Ab 1-42 peptide.
FoxO has a required role in neuron death evoked by Ab . We next investigated whether FoxO3a is required for death of neurons in a cellular model of AD. We used different cell types and a previously described short hairpin RNA (shRNA) construct against FoxO genes. Figure S6) .
From these experiments, it was not clear whether FoxO3a actually mediates death, because the shRNA used in these experiments was directed against all FoxO isoforms. Moreover, we found that FoxO1 was also dephosphorylated and translocated to the nucleus in response to Ab (Supplementary Figure S7) . However, it has been reported that FoxO3a controls FoxO1 expression. 30 Therefore, to check the contribution of FoxO3a in Ab 1-42 -induced neuron death, we prepared a shRNA construct that targets Figure 1 Level of phosphorylation at Thr32 of FoxO3a is drastically reduced in response to Ab. (a) Primary cortical neurons were exposed to oligomeric Ab 1-42 (1.5 mM) for indicated times. The total cell lysates were prepared as described in the experimental procedure and then proteins were separated by SDS-PAGE and probed by western blotting using enhanced chemiluminescence for the level of total FoxO3a and phosphorylated FoxO3a by using specific antibodies against FoxO3a and p-FoxO3a (Thr32). It has been reported that different caspases, namely caspase3 and caspase6, are required for cell body apoptosis and degeneration of neurites, respectively. 31 Thus we examined quantitatively the loss of neuronal networks similar to neuron loss after downregulation of FoxO in response to Ab treatment by Sholl analysis. 32 Sholl analysis is a quantitative method to characterize the morphological features of an imaged cell. For this purpose, single hippocampal neurons transfected with shRand or shFoxO were analysed by NIH-ImageJ, as described in the experimental procedures. Results showed that the number of crossing remained almost the same before and after the treatment of Ab in case of shFoxO-transfected neurons, whereas, there was a significant reduction in the number of crossing in the shRand-transfected neurons (Figure 6g ). Taken together, these results suggest that knockdown of FoxO not only protects the neuronal cell body but also the neuronal networks against Ab toxicity.
FoxO mediates neuron death via Bim in response to Ab 1-42 exposure. We have shown that Bim is required for the death of cortical neurons evoked by Ab. 4 Gilley et al. 8 have shown that FoxO3a directly activates bim gene expression in response to NGF deprivation. We, therefore, were interested to see whether FoxO3a directly activates Bim expression during neuron death evoked by Ab. First, we checked whether Bim is also upregulated in vivo in response to Ab, and found that Bim levels were enhanced in cortical neurons after Ab 1-42 infusion in rats (Figure 7a ). Moreover, downregulation of Bim by shRNA protected neural networks from Ab 1-42 -induced disruption (Supplementary Figure S9) . Then we used a previously reported 33 luciferase reporter Figure 7c ). Thus, our result suggests that Bim promoter is activated in response to Ab and FoxO is necessary for this activation.
To further confirm our results, we examined the effect of shRNA-mediated knockdown of FoxO on endogenous Bim protein expression in cells exposed to Ab . Cortical neurons were transfected with shRand, shFoxO or shFoxO3a, and then exposed to Ab As FoxO3a is activated by arginine methylation with PRMT1, we determined the role of PRMT1 on Bim expression upon Ab 1-42 exposure by using an inhibitor of PRMT1, and found that its inhibition blocks the Bim induction by Ab 1-42 ( Figure 7e) .
Next, we performed chromatin immunoprecipitation assay to determine whether FoxO3a specifically binds with Bim promoter in response to Ab. Results showed that a significant amount of FoxO3a was bound to the endogenous Bim promoter after 6 h of Ab 1-42 exposure. In contrast, there was negligible or no binding in control cells (Figure 7f ). An irrelevant antibody did not precipitate Bim DNA, and PCR of 
FoxO3a immunoprecipitate with primers specific for GAPDH did not produce any product. This is consistent with our previous report 4 that showed an elevated Bim mRNA level by this time in rat cortical neurons exposed to Ab. Collectively, these results suggest that active FoxO3a executes cell death in response to Ab at least by part, through the upregulation of pro-apoptotic Bim.
Discussion
In this study, we investigated whether FoxO3a is activated and has a necessary role in neurodegeneration evoked by Ab. A number of our experimental observations suggest that FoxO3a gets activated and executes neuron death in response to Ab toxicity. First, there are significant reductions in phospho-FoxO3a(Thr32) in vitro and in vivo after Ab treatment. Thr32 of FoxO3a is specifically phosphorylated by Akt including two other specific sites, 34 and this phosphorylation results in its association with 14-3-3 protein and cytosolic localization, 35 which lead to proteosomal degradation of this protein. 16, 17, 36 . Second, FoxO3a is phosphorylated by MST1 at Ser207 in a similar time-dependent manner by which it is dephosphorylated by Akt. It has been previously reported that MST1 mediates neuronal cell death by phosphorylating FoxOs in response to oxidative stress or survival factor deprivation. 22, 37 Third, there is a robust increase in the level of asymmetrical methylation of arginine residues of FoxO3a in Ab-exposed neurons. It has been shown that methylation of FoxO1 by PRMT1 abrogates Akt-induced phosphorylation and subsequent nuclear exclusion of this protein after oxidative stress. 23 Fourth, subcellular fractionation followed by western blot and immunocytochemical staining confirms the nuclear localization of FoxO3a in Ab-treated cells. Moreover, phospho-FoxO3a(Ser207) is shown to be localized in the nucleus of neurons. Importantly, FoxO3a is also accumulated in the nucleus of the neurons in AD transgenic mice and Ab-infused rat brains. Fifth, RNAi of FoxO3a protects the neurons significantly for long hours and retains the overall neuronal morphology against Ab toxicity. Finally, FoxO3a is required for Bim induction in response to Ab. We have shown before that Bim is upregulated in the entorhinal cortex of AD brain and is required for the neuron death evoked by Ab. 4 Accumulating evidence strongly suggest that multiple post-translational modifications are required for nuclear localization of FoxO proteins in response to cellular stress. 35 We found that FoxO3a is dephosphorylated at the Akt site, phosphorylated by stress kinase MST-1 and methylated at arginine residues in the same time window viz 8 h after Ab treatment. We have also shown that FoxO3a is maximally Figure 4 FoxO3a is translocated from the cytosol to the nucleus in neuronal cells in response to Ab. (a and b) Primary cortical neurons (7DIV) were exposed to oligomeric Ab 1-42 (1.5 mM) for the indicated times. The cytosolic and nuclear extracts were isolated as described in the experimental procedure and proteins were analysed by western blotting, as described in Figure 1a (e) Ab exposure causes the translocation of FoxO3a from the cytosol to the nucleus in hippocampal neurons. Hippocampal neurons (24DIV) were maintained with or without Ab for 16 h. Cells were then fixed and immunostained with FoxO3a. The nucleus was stained with Hoechst. Localization of FoxO3a was visualized by using confocal microscopy translocated to the nucleus by that time. It seems that these modifications simultaneously help translocate FoxO3a into the nucleus. Initially, dephosphorylation at Akt sites and MST1 phopsphorylation promote nuclear translocation of FoxO3a by disrupting association of FoxOs and protein 14-3-3. In the nucleus, FoxO3a can be dephosphorylated by PP2A, both at Akt and MST-1 sites, and Akt-mediated re-phosphorylation could exclude FoxO3a from the nucleus. However, preexisting arginine methylation blocks the phosphorylation of this protein by Akt and subsequent exclusion from the nucleus. 23 Although our study demonstrates a possible mechanism of FoxO3a activation, it does not exclude the participation of other players that modulate FoxO activity. For example, FoxOs are also phosphorylated by c-Jun N-terminal kinase 38 and p38 kinase, 39 both of which are activated by Ab. 40 However, it is also reported that MST1 can regulate both c-Jun N-terminal kinase and p38 pathways. 41 Recent reports suggest that inhibition of FoxOs might provide neuroprotection in AD. Qin et al. 42 have shown that calorie restriction attenuates AD-type neuropathology in AD transgenic mice by inactivating FoxO3a. Calorie restriction induces SIRT1 deacetylase, which renders survival of critical cell types by inhibiting FoxO3a's ability to induce cell death. 43, 44 It has also been shown that insulin signalling protects neuronal cells from Ab toxicity by inhibiting FoxO3a activity. 45 Conversely, Stohr et al. 46 have reported that exclusively decreased insulin receptor expression reduces AD-associated mortality independent of FoxO activity. However, it has been shown that Ab-induced neurological phenotypes in Drosophila are strongly suppressed by dFoxO deficiency. 47 An antidepressant drug, fluoxetine, significantly delayed Ab-induced paralysis in the Caenorhabditis elegans model of Ab toxicity by reducing DAF-16/FoxO activity. 48 Resveratrol, a natural compound with antioxidant properties, which is in clinical trial for AD, has been shown to provide neuroprotective effect by inactivating FoxOs. 49 Consistent with these findings, our study has revealed that RNAi of FoxO blocks neuronal loss, including loss of neuronal networks against Ab toxicity.
A number of pro-apoptotic genes are regulated by FoxOs, including FasL, Bim and PUMA. 8, 50, 51 Of interest, Bim is reported to be elevated in AD brain and is required for neuron death in response to Ab. 4 Bim has two FoxO-binding sites, which are occupied by FoxO3a in response to NGF deprivation. 8 However, it was not known whether FoxO3a also regulates Bim in response to Ab. Our study shows that Bim is a target for FoxO3a in Ab-treated neurons as well. Contributions of other FoxO targets in this death paradigm are under investigation. In contrast, FoxOs can resist oxidative stress by inducing several antioxidant enzymes such as catalase and manganese superoxide dismutase. 52 Interestingly, Smith et al. 53 have reported that Ab inactivates FoxO3a by inducing its phosphorylation and neuronal cell death appears to be due to downregulation of its target genes MnSOD and catalase. In that study, the cells were treated with Ab after 16 h of serum deprivation, and the FoxO3a phosphorylation induced by Ab was diminished after 40 min. Therefore, it seems that FoxO3a was dephosphorylated at Akt sites in serum-deprived condition and was transiently phosphorylated by Ab. However, our study shows that FoxO3a is phosphorylated at Akt site in the absence of Ab, and is dephosphorylated and translocates into the nucleus after 4 h or more of Ab treatment.
In summary, our findings support a model (Figure 8 ) in which FoxO3a is phosphorylated by Akt, and remains in the cytosol in the absence of Ab. On Ab exposure, Akt-mediated phosphorylation of FoxO3a decreases with simultaneous increase in its phosphorylation at ser207 by MST1 and arginine methylation by PRMT1. These post-translational modifications result in an increased nuclear accumulation of FoxO3a. The nuclear FoxO3a binds directly to the Bim promoter leading to its increased expression, which in turn Preparation of shRNA. FoxO3a-specific (shRNA) was prepared in the pSIREN vector by using the BD knockout RNAi system, according to the manufacturer's instructions (BD Biosciences, San Jose, CA, USA), on the basis of the following sequence of FoxO3a: 5 0 -CAACCTGTCACTGCACAGC-3 0 .
Cell culture. Rat pheochromocytoma cells (PC12) cells were cultured as described previously 54 in RPMI medium supplemented with 10% heat-inactivated horse serum (HS) and 5% heat-inactivated fetal bovine serum. Neuronal differentiation was induced by NGF (100 ng/ml) in medium containing 1% horse serum for 6 days before the treatment, as previously described. 26 Primary rat neurons were cultured as described previously. 6, 55 Briefly, for rat cortical neuron culture, cells from neocortex of E18 day rat were used. The cells were plated on poly-D-lysin -coated culture plates and maintained in DMEM/F12 medium supplemented with insulin (25 mg/ml), glucose (6 mg/ml), transferin (100 mg/ml), progesterone (20 ng/ml), putrescine (60 mg/ml) and selenium (30 ng/ml) for 6 days before treatment. Primary hippocampal neurons were cultured from E18 rat Preparation of amyloid. HPLC-purified Ab 1-42 was purchased from American Peptide (Sunnyvale, CA, USA) and oligomeric Ab 1-42 was prepared as described previously. 56 Briefly, lyophilized Ab 1-42 was reconstituted in 100% 1,1,1,3,3,3 hexafluoro-2-propanol (HFIP) to 1 mM, HFIP was removed by evaporation in a Speed Vac (Eppendorf, Hamburg, Germany), then resuspended in 5 mM anhydrous DMSO. This stock was then stored at À 80 1C. The stock was diluted with PBS to a final concentration of 400 mM, and SDS was added to a final concentration of 0.2%. The resulting solution was incubated at 37 1C for 18-24 h. The preparation was diluted again with PBS to a final concentration of 100 mM and incubated at 37 1C for 18-24 h before use.
Cell viability assay. The cell viability was checked by the intact nuclear counting method. This assay was performed as described previously. 57 In brief, a detergent containing the buffer was added to the cells that dissolve only the cell membrane, leaving the nuclear membrane intact. The intact nuclei were then counted on a haemocytometer. The number of live cells was expressed as percentage of the total cell population.
Western blotting. Cells were lysed and proteins were analysed by western blotting, as described previously. 58 Briefly 50 mg of protein of each condition was resolved in 7.5% SDS-PAGE. Proteins were transferred onto PVDF membrane (Hybond: GE Healthcare, Buckinghamshire, UK) and probed with the respective primary antibodies overnight at 4 1C on a shaker. HRP-conjugated secondary antibodies against the primary antibodies were used. Detection was done by Amersham ECL western blotting detection reagent, according to the manufacturer's protocol. Bands were detected on an X-ray film (Kodak, Windsor, CO, USA).
Immunocytochemical staining. The neuronal cells were immunostained as described previously. 26, 33 In brief, the cells were fixed with 4% PFA for 10 min. After three washes with PBS, the cells were blocked in 3% goat serum in PBS containing 0.1% Triton-X 100 for 2 h. The cells were immunolabelled with antiFoxO3a antibody in a blocking solution overnight at 4 1C. Alexa Fluor 488 was used as secondary antibody and the nucleus was stained with Hoechst.
Chromatin immunoprecipitation. Chromatin immunoprecipitation assays were done by using a CHIP assay kit from Millipore (Billerica, MA, USA) with few exceptions as mentioned. 5-8 Â 10 6 cortical neurons were used after treatment with or without Ab. Rabbit polyclonal anti-FoxO3a antibody was used to immuneprecipitate the protein-DNA complexes. The primers used for PCR amplification of the rat Bim promoter were 5 0 -TAAGTTCCGCTCTGAGAGGT-3 0 and 5 0 -CAGGCTGCGACAGGTAGTG-3 0 . PCR products were analysed on a 1.5% agarose gel and visualized by staining with ethidium bromide. Subcellular fractionation. Cortical neurons were treated with Ab for different time intervals and subjected to subcellular fractionation following the proceduredescribed earlier 59 with few modification. The cells were pelletted and resuspended in buffer A (20 mM HEPES, 40 mM KCl, 1 mM DTT, 0.2 mM NaVO 4 , 2 mM MgCl 2 , 10% glycerol, 0.1 mM EDTA, 0.1 mM EGTA, 0.25 M sucrose and protease inhibitor). The cells were homogenized with 20-30 strokes. The lysates were then centrifuged for 10 min at 1000 r.p.m. The supernatant, which contained the cytosolic proteins, was carefully stored. The pellet contained the nucleus and the unbroken cells. This pellet was then resuspended in buffer B (0.5% ethylhexadecyldimethylammonium bromide, 0.28% glacial acetic acid, 0.5% Triton-X 100, 2 mM MgCl2, 2.2 mM NaCl, 0.1 Â PBS), which lysed the cell membrane but kept the nuclear membrane intact. 57 This lysate in buffer B was then centrifuged for 10 min at 2000 r.p.m. The supernatant was discarded and the pellet was washed twice with ice-cold PBS. The resulting pellet, containing the nuclear proteins, was resuspended in buffer C (10 mM HEPES, 500 mM NaCl, 1% Triton-X, 10% glycerol, 1 mM NaF and 1 mM NaVO 4 ). Actin and methyl histone were used, respectively, as the cytosolic and nuclear marker proteins to ensure the validity of our protocol.
Transfection. DNA was prepared with Plasmid Maxi kit (Qiagen, Waltham, MA, USA). For the survival assay, neuronal cells were transfected with 0.5 mg of either pSIREN-FoxO-shRNA-ZsGreen or pSIREN-Rand-shRNA-ZsGreen. For the reporter assay, cells were cotransfected with 0.3 mg of bim-luc reporter, 0.1 mg of renilla vector and 0.3 mg of either pSIREN-FoxO-shRNA-ZsGreen or pSIRENRand-shRNA-ZsGreen. Transfections were done in 500 ml of serum-free medium per well of a 24-well plate using lipofectamine 2000. Six hours later, lipofectaminecontaining medium was replaced by a fresh complete medium. Cortical and hippocampal neurons transfection was performed on the third and twenty-second days of culture, respectively. Neuronal PC12 cells were transfected on the third day of differentiation.
Luciferase assay. Differentiated PC12 cells were transfected with the constructs as mentioned above. Forty-eight hours post transfection, the cells were treated with or without Ab 1-42 for 24 h. The cells were then washed with PBS and lysed in the buffer provided in Promega luciferase system (Promega, Madison, WI, USA). Dual luciferase assay was done according to the manufacturer's protocol using Luminometer (Perkin Elmer, Waltham, MA, USA). Relative luciferase activities were obtained by normalizing the firefly luciferase activity against renilla luciferase activity. Data are represented as mean ± S.E.M. of three independent experiments performed in triplicate.
Immunoprecipitation. The cortical neurons (6DIV) were treated with or without Ab 1-42 for 8 h. The cells were washed with PBS and lysed in lysis buffer. For immunoprecipitation, agarose-conjugated anti-FoxO3a antibody was prepared by incubating 3 mg anti-FoxO3a antibody with 25 ml of protein A agarose beads for 2 h in 4 1C under shaking condition. These agarose-conjugated FoxO3a antibodies were pelletted down and incubated with treated and untreated cell lysates containing equal amounts of protein overnight at 4 1C under shaking condition. The antigen-antibody complexes were isolated and dissociated by boiling in sample buffer for 4-5 min. The agarose beads were pelletted down and the supernatant was subjected to western blotting, as described previously using anti-di-methyl arginine as primary antibody.
Sholl analysis. To analyse the neuritic branching and complexities, sholl analysis was performed using NIH-ImageJ software, as previously described by Cuesto et al.,
32 except for few modifications as mentioned below. At first, matured hippocampal neurons (21DIV) were transfected with shFoxO or shRand as described previously. The green transfected neurons were imaged under a fluorescence microscope. Sholl analysis was performed on low-magnification pictures of single neurons imaged at 0 and 48 h of Ab 1-42 treatment using NIH-ImageJ software (Sholl analysis plugin). A number of concentric cycles were drawn from the cell body with gradually increasing radius of 40 mm in length. Two-dimensional analysis was done to count the number of branches that intersect the successive concentric circle. Data are represented as mean±S.E.M. of six neurons from three independent experiments. Survival assay. Primary cortical neurons (4DIV), hippocampal neurons (21DIV) and neuronally differentiated PC12 cells were transfected with shRand and shFoxO. Forty-eight hours post transfection, the cells were treated with or without Ab . The number of surviving transfected neurons (green) were counted just after the treatment and at indicated time intervals, as described previously. 26 Data are represented as mean ± S.E.M. of three independent experiments performed in triplicate.
Imaging. Transfected neurons were imaged under a fluorescence microscope (Leica, Wetzlar, Germany). The translocation and subcellular localization of FoxO3a were studied on immunostained cells imaged under a fluorescence microscope and spinning disc confocal microscope (Andor, Belfast, UK). The z-stack and 3D animation were done by using a spinning disc confocal microscope (Andor).
Study of translocation. PC12 cells were treated with or without Ab overnight. The cells were immunostained as described above, and imaged under a spinning disc confocal microscope. The intensities of FoxO3a in the nucleus and whole cell were quantified separately by NIH-ImageJ software. The amount of FoxO3a in the cytosol was calculated by subtracting the amount of nuclear FoxO3a from the total amount. The ratio of nuclear FoxO3a to cytosolic FoxO3a in treated cells compared with control cells has been used to indicate the translocation.
Oligomeric Ab infusion in animals. Male Sprague-Dawley rats (300-380 g) were anesthetized by injecting a mixture of xylazine-ketamine and placing them on a steriotaxic frame. Injection was done by using a 27-gauge Hamilton syringe. A volume of 5 ml of 100 mM Ab in PBS was infused in the right cerebral cortex at stereotaxic co-ordinates from bregma: AP: À 4.1, L: 2.5, DV: 1.3 mm, according to the previous report 28 and also the rat brain atlas. An equal volume of PBS was injected in control animals. Animals were killed 21 days after injection. The brains were dissected out, following cardiac perfusion, and fixed in 4% PFA for 24 h. They were then incubated in a 30% sucrose solution for another 24 h before proceeding for cryo sectioning. Cryo sections of the brain were done in cryotome (Thermo, West Palm Beach, FL, USA).
Immnohistochemistry of brain slices. Twenty-micrometre cryo sections of the brain from Ab-infused or PBS-infused rats and wild-type or transgenic mice were blocked with 5% goat serum in PBS containing 0.3% Triton-X 100 for 1 h at room temperature. Brain slices were incubated in primary antibody in a blocking solution overnight at 4 1C. Sections were washed thrice with PBS and incubated with a fluorescence-tagged secondary antibody for 2 h at room temperature. Following three washes with PBS and Hoechst staining for the nucleus, the sections were mounted and observed under fluorescence and confocal microscopes.
Statistics. The experimental results were reported as mean ± S.E.M. Student's t-test was performed as unpaired, two-tailed sets of arrays to evaluate the significance of difference between the means and was presented as P-values. One-way ANOVA was performed for data sets of more than two groups.
